Three virulence loci (fas, ftt, and hyp) of Rhodococcus fascians D188 have been identified on a 200-kb conjugative linear plasmid (pFiD188). The fas locus was delimited to a 6.5-kb DNA fragment by insertion mutagenesis, single homologous disruptive recombination, and in trans complementation of different avirulent insertion mutants. The locus is arranged as a large operon containing six open reading frames whose expression is specifically induced during the interaction with host plants. One predicted protein is homologous to P-450 cytochromes from actinomycetes. The putative ferredoxin component is of a novel type containing additional domains homologous to transketolases from chemoautotrophic, photosynthetic, and methylotrophic microorganisms. Genetic analysis revealed thatfas encodes, in addition to the previously identified ipt, at least two new genes that are involved in fasciation development, one of which is only required on older tobacco plants.
ganisms. Genetic analysis revealed thatfas encodes, in addition to the previously identified ipt, at least two new genes that are involved in fasciation development, one of which is only required on older tobacco plants.
The interaction between Rhodococcus fascians and host plants leads to the loss of apical dominance and the development of multiple malformed shoots at the site of infection (fasciation). This proliferation is governed by multiple bacterial loci located both on a linear Fi plasmid and on the chromosome (reference 8 and unpublished results). From the three identified loci on pFiD188, only inactivation of one (fas) leads to a complete loss of phytopathogenicity. In this locus, an open reading frame (ORF) coding for an isopentenyltransferase (ipt) has been identified by sequence homology to other cytokinin biosynthesis genes and by biochemical approaches (8) . Expression of ipt in R. fascians is regulated by an inducing factor which can only be detected in significant amounts in extracts from tumor tissues (induced by R. fascians) (8) .
In this paper, we present genetic data that allowed the definition of the fas locus on a 6.5-kb DNA fragment whose complete nucleotide sequence was determined. Six ORFs directed in the same orientation as the previously defined ipt were identified. ORFi and the amino-terminal part of ORF2 have extensive homologies, to P-450 cytochromes and ferredoxins from actinomycetes, whereas the carboxy-terminal portion of ORF2 has conserved regions homologous to the aminoterminal part of transketolases from chemoautotrophic, photosynthetic, or methylotrophic microorganisms.
The isolation of new fas mutants and complementation analysis revealed that fas encodes new genes involved in fasciation of the host plant.
MATERIALS AND METHODS
Bacterial strains and plasmids. Growth conditions and antibiotic concentrations for R. fascians strains have been described previously (11) . The Escherichia coli strains used for plasmid constructions were MC1061 (5) and DH5ot. R. fascians D188 is a highly virulent wild-type isolate. D188-2 is a virulent strain without the 138-kb circular pD188 plasmid not involved in virulence, whereas D188-5 is an avirulent derivative strain without any plasmid (10) . fasl is an avirulent mutant strain derived from D188, carrying an insertion in the ipt gene (8) . The construction of the partial Sau3A1 library in a vector capable of replication in R. fascians has been reported previously (9) . The plasmids used in this study and their relevant characteristics are listed in Table 1 .
Insertion mutagenesis ofR.fascians strains and complementation analysis. Insertion mutants in the linear plasmid were obtained by electrotransformation of D188 or D188-2 with the nonreplicating vector pTGV6b or pJDGV1 (9), followed by pool conjugation of the Cmr transformants with D188-5 (Smr) (8) . Appropriate insertion mutants were identified by hybridization with pFiD188-derived cosmids (e.g., pJGV30202 [8] ). The isolated mutant strains were assayed for virulence by using either freshly germinated seedlings or axenically decapitated plants of different ages (8) . E. coli clones of the right borders of the inserted sequences together with adjacent R. fascians were generated by BamHI restriction of total DNAs of insertion mutant strains and self-ligation, followed by transformation of E. coli MC1061 with the ligation mixture and selection of Apr transformants (9) . trans-Complementation analysis was performed with replicating bifunctional vectors carrying bleomycin acetyltransferase as a selectable marker. The replicating cosmids pJGV-30202, pJGV26307, and pJGV26807 containing large pFiD188 fragments spanning ipt were isolated from a partial Sau3Al-generated library cloned in pJGV9 by colony hybridization with the 32P-labeled 5.4-kb StuI fragment (Fig. 1) . The different constructs were introduced into the mutant strains (Cmr), and Cmr Bl' transformants were selected. The presence of the plasmids in the transformants was verified by Southern blotting and plasmid analysis (11) .
Disruptive single homologous recombination. Different overlapping fragments spanning the fas locus were cloned in pUC18, and a cmr encoding cassette (12) was inserted into the individual clones. The resulting plasmids pIN1 to pIN8 (Table   1) were introduced into R. fascians D188 by electroporation.
Cmr transformants were conjugated with strain D188-5, and Other methods. The enzymatic isopentenyltransferase assays and the high-pressure liquid chromatography conditions used to identify reaction products, as well as the induction conditions for ipt expression, have been reported previously (8) . Electrotransformation conditions for R. fascians were essentially as described previously (11) . For Mutant strains M9 and M10 were fully virulent in both assays, delimiting the maximum left and right borders of fas, respectively. The mutant strain fas6, harboring a pTGV6b insertion located 3 kb to the right of the fasi insertion (same orientation as in Fig. 1 ), was not virulent in both assays. Strain fasS, with a pJDGV1 insertion located 1 kb to the left of the insertion infasl, however, behaved differently in the two assay systems. Whereas seedling growth was inhibited by infection with these bacteria, older plants did not develop any symptoms upon infection, indicating thatfas5 inactivates at least one gene required for fasciation of older plants. The younger the plants were at the time of infection, the more severe the fasciation symptoms were which developed (data not shown).
In addition, plasmids containing several fragments spanning the ipt-coding region were tested for their ability to complement in trans the avirulent phenotype caused by the pRF32 insertion in fasl. Introduction of either pJGV30202, pJGV-26307, or pJGV26807 ( Fig. 1 lems with the trans-complementing plasmids on plants. Plasmids pIN1 to pIN8, containing different fragments of the presumed fas locus cloned in nonreplicative (Cmr) vectors for R. fascians (Table 1 and Fig. 1 ), were used to generate recombinant R. fascians strains (Materials and Methods). Only plasmids that contained fragments with either of the ends of the fas locus could regenerate a functional copy of fas after integration by single homologous recombination with the linear plasmid pFiD188 and hence yield virulent bacteria. When tested on decapitated N. tabacum plants, the R. fascians strains harboring the recombinant linear Fi plasmids pFiD188::pIN2, pFiD188::pIN3, pFiD188::pIN4, and pFiD188::pIN5 were avirulent. In contrast, strains D188-5 (pFiD188::pIN1) and D188-5(pFiD188::pIN6) were virulent, so the 1.2-kb NcoI fragment (cloned in pIN1) and the 4.5-kb Stul fragment (cloned in pIN6) can be considered to contain the left and right ends offas, respectively. The strains containing the plasmids pFiDl88::pIN2 and pFiD188::pIN4 were virulent, however, on tobacco seedlings. The virulent phenotype of strains harboring the plasmids pFiD188::pIN7 and pFiD188::pIN8 (Table 2 ) allowed us to locate the right end of fas within the 0.5-kb EcoRV-SstI fragment (Fig. 3) .
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FIG. 2.
Nucleotide sequence of the fas locus. The nucleotide sequence of the 7.14-kb fragment between the StuI (far right) and NcoI (far left) sites (see Fig. 3 ) spanning the fas locus was determined. Six ORFs were identified and are indicated in the one-letter code under the sequence. ORF1 (position 1166 to 2365) has coding capacity for 399 amino acids and is followed by two ORFs (ORF2, position 2379 to 3293, corresponding to 304 amino acids; ORF3, position 3300 to 4238, corresponding to 312 amino acids). ORF4 corresponds to the previously identified isopentenyltransferase. A fifth ORF (position 5031 to 6347, with coding capacity for 438 amino acids) starts 1 base before the stop codon of ORF4, resulting in a 4-bp translational overlap. The final ORF, ORF6 (position 6347 to 6943, putatively encoding 198 amino acids), also has a 1-bp overlap with the previous ORF. The putative ribosome-binding sites upstream from ORF1 to ORF4 are indicated by shaded boxes. The insertion points of pJDGV1 and pTGV6b in fasS and fas6, respectively, were determined by the nucleotide sequence of the right border fragments (see Materials and Methods) and are indicated by triangles. The box corresponds to the amino-terminal amino acids of ORF3 indicating the predicted signal peptide.
under control of the cmr promoter of R. fascians [12] ) in fasl restored the ability to inhibit the growth of tobacco seedlings when small amounts of chloramphenicol (5 ,ug/ml) were added to the plant growth medium, consistent with the inducible character of the promoter used (Table 2 ). However, introduction of the same construct could not restore the avirulent 1kb -4 phenotype of fas6 (Table 2) , even in the presence of inducing amounts of chloramphenicol. Such a complementation was observed, however, when pMGV100 was introduced in fas6 ( Table 2 ), indicating that at least one of the three ORFs, or a combination thereof, located upstream of ipt is essential for pathogenesis. fascians (42) has for a long time been considered as the prototype of a plant-bacterium interaction requiring only cytokinin production to cause neoplastic growth (15) . Several cytokinins have been detected in small amounts in the supernatants of some virulent R. fascians cultures (25, 30, 31) but not in other virulent cultures (1, 8) , indicating that the phytopathogenicity of R. fascians involves more than mere cytokinin secretion. Indeed, we have previously demonstrated that fasciation is a multigenic trait with determinants located both on extrachromosomal linear plasmids (Fi plasmids) and on the chromosome (8) . Of the three identified pFiD188-located virulence-determining loci (fas, att, and hyp [8] ), one (fas) is involved directly in cytokinin production. Further genetic analysis of this locus, described here, revealed that fas consists of at least three genes involved in fasciation development. The earlier identified isopentenyltransferase-coding region (ipt [8] ) is essential for the seedling growth inhibition phenotype, and a mutation in it (fasl) can be complemented by the wild-type ipt region in trans, on the condition that it has been provided with an R. fascians promoter ( Fig. 1 and Table 2 ).
At least one gene downstream from ipt is required for fasciation on older N. tabacum plants (older than 3 weeks) but not on younger plants (characterized byfasS) ( Fig. 1 and Table  2 ). This transition is not abrupt, because mild leafy gall symptoms can be observed on 2-week-old plants. Germinating (growing) seedlings go through a series of changes in hormonal balance (29, 41) , and a possible function for these genes could be to counteract these changes. Equally, these genes could allow an efficient colonization of the older plants which are more resistant to pathogen attack. R. fascians isolates, which cannot efficiently induce fasciations on 5-to 8-inch (12. 70-to 20.32-cm)-high sweet pea plants but do so when inoculated on young seedlings, have been described in early reports on the causative agent of sweet pea fasciation. These strains were unable to fasciate tobacco and geranium (Pelargonium zonale) plants (3) . Less-pathogenic strains were also described in later reports on R. fascians (27, 31) and do not fasciate tobacco (unpublished data). Therefore, it is tempting to speculate that these isolates lack specifically the downstream genes present in highly virulent strains such as D188. Two ORFs were identified in this region. In mutant fasS, ORF5 is carboxyl-terminally truncated by the pJDGV1 insertion, but a polar effect on the expression of ORF6 cannot be excluded. The translational coupling of ORF4, ORF5, and ORF6 suggests a tight stoichiometrical requirement of the three gene products. The ORF6-encoded protein shares extensive homology with a hypothetical peptide from P. aeruginosa (18) . This latter bacterium is an opportunistic pathogen of humans (14) and, occasionally, of plants (7) .
Finally, at least one of the ORFs upstream of ipt is essential for fasciation. The mutation in fas6 did not polarly inactivate VOL. 176, 1994 ipt expression and was not complemented by introduction of the plasmid with ipt under control of the cmr promoter (Table  2 and Fig. 1) . Two of three ORFs in this region have extensive homologies to P-450 cytochromes and the ancillary iron-sulfur redox proteins (ferredoxins) found in biodegradative and biosynthesis pathways of actinomycetes (for reviews, see references 33 and 37). No ferredoxin reductase, the third component of these oxido-reduction systems, could be detected. Frequently, these reductases are not encoded within the P-450-ferredoxin operon (33) . The coexpression of a P-450 monooxygenase, ferredoxin, and isopentenyltransferase in R. fascians could indicate a functional relationship between these enzymes by which isopentenyladenine-adenosine (generated by the isopentenyltransferase reaction) is oxidized to trans-or cis-zeatin-riboside. These latter cytokinins have been detected in R. fascians supernatants (1, 25, 38) . The oxidation reaction from 6-isopentenyladenine to zeatin has been demonstrated not to be a property of Agrobacterium ipt or tsz genes and to be catalyzed by E. coli extracts in well-aerated tubes (17) . R. fascians might have evolved this specialized system to fulfill the specific oxygen demands in the bacteria during the infection. P-450 monooxygenases were found in other microorganisms interacting with plants (e.g., pisatin demethylase in Nectria haematococca and pinF in octopine-type Agrobacterium tumefaciens strains [23, 28] ). The role of Nectria pisatin demethylase in degrading phytoalexins of the plant host, allowing infection by the fungus, has been clearly demonstrated (24) . A similar putative role has been attributed to the P-450 cytochromes of A. tumefaciens, sincepinF mutant strains require larger inocula to successfully infect plants (23) . R. fascians mutants fas6 and fas6(pMGV103), however, are completely avirulent, rendering an analogous role for the gene products of ORFI and ORF2 in phytoalexin degradation less likely.
The ORF2 product has an additional carboxy-terminal domain which resembles the amino-terminal part of transketolases from Rhodobacter sphaeroides and Alcaligenes eutrophus and the amino-terminal part of dihydroxyacetone synthase of the methylotrophic yeast Hansenula polymorpha. These enzymes catalyze the transfer of two carbon units from a sugar to another sugar or to formaldehyde in the case of dihydroxyacetone synthase (6, 20, 26) . The functional relevance of the coupling between ferredoxinlike and transketolaselike domains in one protein remains obscure. Equally, no function can be ascribed to the peptide encoded by ORF3, although protein sequence analysis predicted the presence of a signal peptide (Fig. 2) .
Expression of the fas operon is regulated by the inducing substance or substances released during R. fascians plant interaction (8) . Large operons involved in plant-microbe interactions, whose expression is induced during the interaction, have been described in virtually all of the well-studied gramnegative phytopathogenic and symbiotic bacteria (nod [13] , vir [22, 39] , and hrp [44] ), and the data presented here seem to indicate a similar arrangement in gram-positive phytopathogens. These operons are involved in the synthesis of the molecular mediator of the interaction (be it a protein-coated T-DNA, elicitor molecule, or Nod factor) and in the export of this molecule towards the site of action. InAgrobacterium spp., expression of several of the vir loci is coordinately regulated by acetosyringone. Also, in R. fascians, other loci with plantinducible expression were detected in the vicinity of the fas locus (unpublished data). The different loci of this regulon might be involved in the biosynthesis by R. fascians of a specific cytokininlike molecule and/or transport towards the responsive sites in the plants, explaining the massive shoot production after infection. Biochemical characterization of the biomolecule or biomolecules produced by R. fascians will facilitate elucidation of the functions of the different identified gene products and might also add to understanding of cytokinin action and shoot development in plants.
